Human pluripotent stem cells (hPSCs)/OP9 coculture system is a widely used hematopoietic differentiation approach. The limited understanding of this process leads to its low efficiency. Thus, we used single-cell qPCR to reveal the gene expression profiles of individual CD34
Introduction
Since the establishment of human pluripotent stem cells (hPSCs) in 1998 (1) (2) (3) , it is well known that hPSCs can differentiate into a variety of tissue cells for replacement therapy of human diseases and for studying development. Many differentiation strategies have been established for various tissue cells, such as lung organoids (4) , corneal epithelial cells (5) , intestinal tissue (6) , retinal tissue (7), liver (8) , and blood cells (9) . The transplantation of blood cells offers hope for the treatment of a variety of blood and immune system diseases. Because of the critical shortage of blood cells in clinical settings, several strategies have been established to generate hematopoietic stem cells (HSCs) and mature blood cells from hPSCs (10, 11) .
The hPSCs/OP9 coculture system is a widely used approach to generate CD34 + hematopoietic cells from hPSCs without additional cytokine (9, 12, 13) . Our limited understanding of this differentiation process is responsible for the low efficiency of CD34 + hematopoietic cell production (only 10-15% are CD34 + ). Thus, it is necessary to analyze the differentiation process in detail for further optimization. Signaling molecules provided by OP9 have been identified and analyzed by proteomic analysis (14) .
Molecular profiling reveals gene expression characteristics of various hematopoietic progenitors identified by hematopoietic markers (15, 16) . However, these studies provide limited guidance for further optimization.
Recent advances in single-cell-based gene expression analysis allow us to reveal the dynamic gene expression of individual CD34 + cells derived from hPSCs (17) . Singlecell qPCR, which can analyze specific gene expression at the single-cell level, has been used to reveal the heterogeneity of blood cells effectively (18, 19) . In our study, single-cell qPCR was used to track the dynamic gene expression of individual CD34 + cells from different stages of differentiation. We clustered CD34 + cells according to the different gene expression characteristics. After transient overexpression of hematopoietic transcription factors (TFs), we generated more CD34 + cells with normal expression level of CD43 and CD31, which were used to define hematopoietic progenitors in hPSCs/OP9 coculture system (15) . Furthermore, these CD34 + cells possessed normal differentiation potency in colony-forming unit (CFU) assays and normal gene expression profiles in single-cell gene expression analysis.
The purpose of our study was to optimize hematopoietic differentiation in hPSCs/OP9 coculture system.
Material and Methods
Cell culture hPSCs (NIH Codes: WA01, H1) were maintained on irradiated CF1 feeder cells as described in our previous paper (20) . Before lentiviral transduction and hematopoietic differentiation, hPSCs were maintained in chemically defined mTeSRt1 medium (StemCell Technologies, Canada) without feeder as described previously (21) . The 293T cells were maintained in DMEM medium (Invitrogen, USA) supplemented with 10% fetal bovine serum (FBS, Hyclone, USA). GFP-labeled OP9 (OP9-GFP) cells were maintained in a-MEM medium (Gibco, USA) supplemented with 20% FBS (Gibco) (12) . hPSCs (H1 or H1+TFs) monolayers at 70% confluence were cultured in X-Vivo 15 medium (Lonza, Switzerland) supplemented with 1 mg/mL doxycycline (Dox), 1 mM sodium pyruvate (Sigma-Aldrich, USA), 1x non-essential amino acids (Invitrogen), 2 mM L-glutamine (Invitrogen), 50 mM 2-mercaptoethanol (Sigma-Aldrich), and the four growth factors, including 50 ng/mL recombinant human bone morphogenetic protein-4 (rhBMP-4, R&D, USA), 50 ng/mL recombinant human vascular endothelial growth factor (rhVEGF, R&D), 50 ng/mL recombinant human granulocyte-macrophage colony-stimulating factor (rhGM-CSF, R&D), and 20 ng/mL recombinant human stem cell factor (rhSCF, R&D). After a 4-day culture, cells were collected for flow cytometry analysis.
Gene cloning and lentiviral vectors construction
The gene sequences were downloaded and managed by CLC sequence Viewer 7 (Qiagen, Germany) for primers design. Pfx (Invitrogen) was used to amplify gene open reading frames (ORFs) from 10-day Embryoid Body cDNAs of H1 or cDNAs bought from YouBio (China). ORFs were cloned into pEASY-Blunt Simple Vectors (Transgen Biotech, China) for sequence verification. Correct ORFs were subcloned into our Lv-ef1a-eGFPtre-genes backbone (22) . The cloned genes are listed in Supplementary Table S1 .
Lentiviral packaging
We packaged lentivirus as previously described (22) . Lentiviral vectors and two helper vectors (D8.91 and pVSVG) were transfected into 293T with FuGENE HD (Roche, Switzerland). Packaged lentiviral units were collected at 48 and 72 h post-transfection. After titering, lentiviral units were stored in -80°C.
Lentiviral transduction of hPSCs
After rinsing with PBS, hPSCs of 70% confluence were disaggregated to single cells by Accutase (Gibco). Cells (4 Â 10 5 ) were seeded on Matrigel (BD, USA) coated 6-well plates with 2 mL of mTeSRt1 medium supplemented with 10 mM Y-27632 ROCK inhibitor (Selleck, USA). After 48-h incubation, the original medium was replaced with fresh virus-containing mTeSRt1 medium (multiplicity of infection of 5-10) supplemented with 10 mg/mL polybrene (Sidansai, China). Virus-containing medium was removed 12 h after transduction. Lentivirus of specific genes (Lv-ef1a-eGFP-tre-genes) and rtTA (Lv-ef1a-rtTA-IRES-puro) were transduced simultaneously and 0.5 mg/mL puromycin was used to enrich positive cells. Genomic PCR was used to confirm virus integration. Forty-eight hours after treatment with 1 mg/mL Dox, qPCRs were used to confirm the transgene mRNA expression. Primers are listed in Supplementary Tables S2 and S3 .
Reverse transcription-polymerase chain reaction (RT-PCR) and real-time polymerase chain reaction (qPCR) Total RNA prepared by RNeasy kit (Qiagen) was used as the templates for RT-PCR as described in our previous paper (23) . qPCR was performed in LightCycler 480 (Roche) with SYBR Green-based PCR Master mix (Toyobo, Japan). Ct (threshold cycle) values of samples were analyzed by DDCt method with ACTB as reference gene. The primers are listed in Supplementary Tables S3 and S4 .
Hematopoietic differentiation of hPSCs in hPSCs/OP9 coculture system
We induced hematopoietic differentiation in hPSCs/ OP9 coculture system as previously reported (9) . After 30 min Dispase (Invitrogen) treatment, attached hPSCs colonies were curled-up and collected into 15-mL centrifuge tubes. Colonies were dissociated into small cell clumps with gentle pipetting. After washing 3 times, cell clumps were resuspended in differentiation medium (a-MEM supplemented with 10% FBS and 100 mM MTG; Sigma-Aldrich). Overgrown OP9-GFP was prepared in 6-well plates before differentiation. The original medium was replaced with 2 mL differentiation medium before hPSCs seeding. hPSCs (2 Â 10 5 ) were seeded on each well of overgrown OP9-GFP covered 6-well plates. The next day (day 1), the original medium was replaced with 4 mL of fresh differentiation medium. At days 4 and 6, half of the medium was replaced with fresh medium. At days 8-9, the medium was collected into 15-mL centrifuge tubes and 2 mL 1 mg/mL Collagenase IV (Gibco) was added per well of 6-well plates and incubated for 30 min to digest the collagen-rich matrix. Collagenase IV was collected into 15-mL centrifuge tubes used previously. One milliliter 0.25% Trypsin/EDTA (Gibco) was added per well. After 15-20 min of incubation, 2 mL Recommended Medium (StemCell Technologies) was added to stop digesting. After pipetting, single cells were collected into 15-mL centrifuge tubes used previously. Cells were washed and resuspended with Recommended Medium for flow cytometry analysis. CD34 + cells were enriched using EasySept CD34 positive selection kit (StemCell Technologies) for CFU assays, single-cell qPCR, and flow cytometry analysis.
Flow cytometry analysis of cell phenotype Cells suspended in Recommended Medium were labeled with antibodies at 4°C for 30 min. Antibodies used were PE-Cyt7 Mouse Anti-Human CD34 (BD), PE antihuman CD43 (BioLegend, USA), and PE anti-human CD31 (BioLegend). After staining, cells were analyzed by CytomicstFC 500 (Beckman, USA) with FlowJo software (Tree Star, USA).
Single-cell specific target amplification
Primers pool was prepared as described previously (18) . Primers used are listed in Supplementary Table S4 . Individual cells were picked up into 8-strip PCR tubes with 5 mL RT-PreAmp Master Mix (1.9 mL nuclease free water, 2.5 mL Reaction Mix, and 0.1 mL RT/Taq enzyme were mixed with 0.5 mL primers pool; Single Cell Sequence Specific Amplification Kit, Vazyme, China) by special Pasteur pipettes (Brand, Germany). Eight-strip PCR tubes were immediately frozen in -80°C refrigerator for 2 min. After brief centrifugation (300 g, 4°C, 3 min), tubes were immediately moved to PCR machine following kit instructions. After preamplification, samples were diluted 100-fold with double distilled water prior to qPCR.
Gene expression analysis using single-cell qPCR
Single-cell qPCR was performed in LightCycler 480 (Roche) with SYBR Green-based PCR Master Mix (Toyobo). The primers are listed in Supplementary Table S4 . A background Ct (30) was used for single-cell samples corresponding to log2 gene expression (log2 gene expression=30-Ct). Single-cell samples with outliers of ACTB gene expression were removed from the dataset. MeV (MultiExperiment Viewer, Dana-Farber Cancer Institute, USA) was used for analysis of hierarchical clustering (HCL) and non-negative matrix factorization (NMF). The ggplot2 and base plot package of R software (R Core Team, New Zealand) were used for plot drawing.
CFU assays
CFU assays were performed using MethoCultt H4435 Enriched (StemCell Technologies) following manufacturer's instructions. Three milliliters MethoCultt with 5 Â 10 3 /mL CD34 + cells and penicillin-streptomycin were added onto 35-mm low-adherent plastic dishes. CFUs were counted and identified after 10-14 days of incubation according to the guide provided by StemCell Technologies.
Statistical analysis
Data were analyzed by Prism 5 software (GraphPad, USA). Data are reported as means±SE. Significant differences were based on Po0.05 for all experiments.
Results and Discussion
Hematopoietic differentiation of H1 in hPSCs/OP9 coculture system
Hematopoietic differentiation ability of H1 in hPSCs/ OP9 coculture system was confirmed ( Figure 1A ) as described previously (12) . Using flow cytometry analysis, we could easily distinguish H1 from OP9 because of the expression of GFP in OP9. After 8-9 days of differentiation, there were 10-15% CD34 + cells. After magnetic cell sorting, the isolated CD34 + cells, which ranged around 90% of the enriched fraction, were used in CFU assays and the following experiments ( Figure 1B) . The morphology of different CFUs was observed, including macrophage (M), granulocyte and macrophage (GM), granulocyte, erythroid, macrophage, and megakaryocyte (GEMM), and erythroid (E) ( Figure 1C ). Thus, our H1/OP9 coculture system was stable for the following study of hematopoietic differentiation.
Single-cell gene expression analysis of CD34+ cells derived from H1/OP9 coculture system
To study the process of hematopoietic differentiation in H1/OP9 coculture system, we used single-cell gene expression analysis. CD34
+ cells appeared as early as days 3 and 4 of coculture and the proportion increased during differentiation (Figure 2A ) (12) . Individual CD34 + cells were enriched and picked up at days 4 (n=24), 6 (n=36), and 8 (n=48; Figure 2A ). Because the complexity and percentage of CD34 + cells increased during differentiation (15) , more individual cells were analyzed at days 6 and 8. Because we used magnetic cell sorting to enrich CD34 + cells, we could not catch cells with low or no expression of CD34, which were important for the hematopoietic differentiation study at the initial stage. All human cells (CD34 positive or negative) derived from hPSCs can be analyzed by high-throughput singlecell RNA-sequencing in our further research, which will help us study the differentiation process before CD34 + cells appear. After single-cell specific target amplification, single-cell qPCR was performed to check the expression level of CD34 and ACTB. We removed the samples without CD34 expression, which corresponded to empty tubes or false positive cells. Then, we filtered samples based on the expression level of ACTB ( Figure 2B ). Lower and higher expression level of ACTB indicated RNA degradation and multicellular interference, respectively. After filtering, 91 samples (day 4, n=16; day 6, n=29; day 8, n=46) were qualified with stable expression trends of ACTB and CD34 from days 4 to 8 ( Figure 3B) .
We used single-cell qPCR to measure the expression level of endothelial/hematoendothelial markers and hematopoietic TFs. Individual CD34 + cells from days 4, 6, and 8 were marked with red, green, and blue respectively ( Figure 2C and D) . The heatmap of HCL showed that individual CD34 + cells from different stages of differentiation were well clustered into 4 groups (A, B, C, and D; Figure 2D and E). The heatmap of NMF, which showed cell-to-cell correlation, also had a high score with factorization rank 4 ( Figure 2C ). Group A was composed of single-cell samples from day 4 (5/16=31.3%) and day 6 (6/29=20.7%; Figure 2E ). The expression level of endothelial/hematoendothelial markers (CD34, CDH5, KDR, and CD31) and hematopoietic TFs (Bmi1, Etv6, Lmo2, ERG, SCL, Gata2, CMYB, etc.) was low in most of group A ( Figure 2D ). With few features of endothelial/hematoendothelial cells (24) , these CD34 + cells might be at the mesodermalto-endothelial phase. Group B was composed of individual CD34 + cells from days 4 (11/16=68.7%), 6 (16/29=55.2%), and 8 (7/46=15.2%; Figure 2E ). Compared to group A, group B had a higher expression level of endothelial/hematoendothelial markers, which indicated the endothelial commitment ( Figure 2D ) (24); the expression level of hematopoietic TFs increased moderately. Compared to group B, both group C (day 6, 5/29=17.2%; day 8, 27/46=58.7%) and group D (day 6, 2/29=6.9%; day 8, 12/46=26.1%; Figure 2E ) had higher expression levels of hematopoietic TFs ( Figure 2D ). Group D did not express CDH5 and may indicate the commitment of hematopoietic progenitors from hematoendothelial cells.
The gene heatmap of NMF with factorization rank 3 shows the gene-to-gene correlation ( Figure 3A ). CD41 (a marker of megakaryocytes), CD235a, and CMYB were clustered together because of their similar expression dynamics ( Figure 3A ). They were highly expressed in both groups C and D with similar cell distribution ( Figure 2D) ; their expression trends from days 4 to 8 were similar ( Figure 3B ). This relationship could also be found in previous reports. Double positive of CD41 and CD235a was used to define erythro-megakaryocytic progenitors (E/Mk-HP) as reported previously (16) . BloodSpot database also showed that CD41, CD235a, and CMYB were mainly located in E/Mk-HP of healthy samples (25) (Figure 3C ). Both groups C and D had individual cells with high expression levels of CD41 and CD235a, but the expression distribution of CD31 and CDH5 was different in groups C and D. It is possible that CD41 + CD235a + CD31 + CDH5 + (C group) cells down regulated the expression of CD31 and CDH5 to become
-(D group) cells in the process of differentiation and maturation. We also found that some hematopoietic TFs were gradually up-regulated during the differentiation ( Figure 2D ).
OP9 coculture system was enough to up-regulate these TFs at day 8. We wanted to explore the possibility that overexpression of these hematopoietic TFs at early stage of differentiation could improve the efficiency of hematopoietic differentiation in this coculture system. 
Induced expression of hematopoietic transcription factors enhanced hematopoietic differentiation
The TFs were overexpressed using Tet-On inducible expression system as shown in our previous papers (22, 23) . This approach possessed the advantage that hPSCs could retain their pluripotency and self-renewal ability after lentivirus transduction; exogenous genes did not express until Dox was added. After 48 h of Dox treatment, we induced the expression of mCherry in H1 transduced by mCherry lentivirus ( Figure 4A ). We assembled a list of key TFs through analysis of our single-cell gene expression data ( Figure 2D ) and literature review (26) (27) (28) . The pilot experiments showed serious death of hPSCs after excessive transduction of 18 exogenous genes. Results suggested that hPSCs were more sensitive than fibroblasts to the stress of lentiviral transduction (29) . Thus, we narrowed the TFs list to five (Gata2, Lmo2, Etv2, ERG, SCL), which were used in other hematopoietic differentiation strategies (26, 27, 30) .
After lentiviral transduction, H1 cells were collected for genomic PCR to confirm the integration of exogenous showing gene-to-gene correlation. The rank is 3. B, Gene expression (log2) trends from day 4 to day 8. ACTB, CD34, and CDH5 were stable. CD31, KDR, and Gata2 increased gradually. CD41, CD235a, and CMYB had a remarkable increase. C, Hierarchical differentiation tree of normal human hematopoiesis (HemaExplorer, BloodSpot) showing the relative expression of CD41, CD235a, and CMYB in different blood cells. Blue to white suggests low to moderate gene expression (log2) and white to red suggests moderate to high gene expression (log2). MEP: megakaryocyte-erythroid progenitor cell. genes ( Figure 4B ), which were induced by Dox treatment ( Figure 4C ). We found that samples exposed to Dox had fewer cells than control groups, suggesting that overexpression of exogenous genes induced cell death or cell differentiation with proliferation inhibition. To reduce the adverse impact of overexpression, we optimized the treatment time of Dox. We added Dox at different stages of differentiation, including treat1, treat2, and treat3 ( Figure 4D ). Dox treatment increased the percentage of CD34 + cells significantly ( Figure 4E ). Both treat2 and treat3 had higher proportion of CD34 + cells than no treatment and treat1.
We got 0.8-1 Â10 5 CD34 + cells from no treat group, and 2-3 Â 10 5 CD34 + cells from treat2 and treat3, demonstrating that Dox treatment from days 1 to 4 (treat2 and treat3) was crucial for differentiation of CD34 + cells. Treat2 with additional Dox treatment did not generate more CD34
+ cells than treat3 ( Figure 4E ). Our single-cell gene expression analysis showed that OP9 system could up-regulate most of these TFs after day 4 ( Figure 2D ). Then, we inferred that overexpression of these exogenous genes mainly promoted the differentiation at the initial stage (before day 4). Of note, continuous overexpression Figure 4 . Induced expression of hematopoietic transcription factors enhanced hematopoietic differentiation. A, H1 cells transduced by Lv-ef1a-eGFP-tre-mCherry were green. Merged cells were transduced by both Lv-ef1a-rtTA-IRES-puro and Lv-ef1a-eGFP-tre-mCherry. The expression of mCherry (red) was induced after 48 h of Dox treatment. Scale bar=100 mm. B, Genomic PCR was used to confirm the exogenous genes integration. Control was H1 cells transduced by mCherry (Lv-ef1a-eGFP-tre-mCherry). C, Samples were treated with 1 mg/mL doxycycline (Dox) for 48 h. qPCR was used to confirm the relative expression of endogenous and exogenous genes. endo: endogenous expression; total: endogenous plus exogenous expression. Data are reported as means ± SE (nX3). D, Strategies of Dox treatment. Treat1: Dox was added at days 4-6; treat2: Dox was added at days 1-6; treat3: Dox was added at days 1-4. E, Percentage of CD34 + cells in different treatment groups (no treatment, treat1, treat2, and treat3) at day 9 (nX4). The difference was compared using paired t-tests. F, The effect of individual transcription factors on the proportion of CD34 + cells. Data are reported as fold of increase for nX3. **Po0.01, ***Po0.001 (t-test). could not improve hematopoietic differentiation anymore and may disrupt the expression of endogenous genes and differentiation signals provided by OP9. Based on these results and analysis, we added Dox as treat3 in the following experiments.
We tried to induce hematopoietic differentiation from monolayer hPSCs without OP9, resulting in more CD34 + cells with only 4 days differentiation (Supplementary Figure S1 ). H1 cells without TFs overexpression had few CD34 + cells (B1%), and H1 with TFs overexpression had 20B30% CD34 + cells, suggesting that these transcription factors were very important during hematopoietic differentiation as previous papers have reported (26, 27, 30) .
Mixed TFs cover up the effect of individual TFs. We found that individual TFs can increase the percentage of CD34
+ cells, especially SCL ( Figure 4F ). Many other hematopoietic TFs have been reported in hematopoietic differentiation studies (28, (30) (31) (32) (33) (34) . Therefore, we should screen more TFs combinations (single and mixed) and overexpression strategies in further research. By combining single-cell gene expression analysis, we can study the effect of single or mixed TFs in the process of hematopoietic differentiation, and optimize our hematopoietic differentiation system.
In our study, exogenous TFs integrated into the genome of hPSCs by lentiviral transduction. In a previous study, an exogenous gene (Lhx2) was overexpressed in OP9 (OP9-Lhx2) (35) to enhance hematopoietic differentiation of hPSCs. This strategy avoids the tumorigenic risk of blood cells derived from hPSCs with lentivirus integration. It is generally agreed that tumorigenic risk needs to be taken seriously in the differentiation of tissue cells for replacement therapy, such as long-lived HSCs, neural cells, and muscle cells. Mature blood cells have a relatively short life span. As most clinical blood products (36) , mature red blood cells and platelets do not have nuclei. Therefore, the risk of tumorigenesis caused by lentivirus integration is not so serious in the differentiation of hematopoietic progenitors for the generation of mature blood cells in vitro.
Expressional and functional analysis of CD34+ cells with transcription factors overexpression
Hematopoietic TFs played a decisive role in hematopoietic differentiation. Different combination of TFs induced differentiation of different hematopoietic progenitors (26) . Though exogenous TFs were induced only at early stage of differentiation, we did not know whether the fate of CD34 + cells was disturbed by these TFs overexpression. Thus, we needed to check the differentiation potential of these CD34 + cells. Compared to CD34, CD43 was a better marker to define hematopoietic progenitors in hPSCs/OP9 coculture system (15, 16 (15) . After Dox treatment, there was no significant difference between overexpression group and control group in the percentage of CD43 + cells and CD31 + cells at day 8 ( Figure 5A ). CFU assays also showed normal differentiation potency of CD34 + cells with TFs overexpression (Figure 5B and C). Single-cell gene expression analysis also showed similar gene expression characteristics of CD34 + cells (H1: n=14. H1+TFs: n=21) at day 8 ( Figure 5D ), such as CD43, CD31, CD117, and CDH5. After overexpression, we generated more CD34 + cells with normal differentiation potency for further myeloid cells and erythroid cells differentiation. Transient overexpression of specific hematopoietic TFs at early stage of differentiation did not disrupt the differentiation signals provided by OP9.
Previous reports showed that HSCs had lineage biases before lineage differentiation (37, 38) . Overexpression of TFs may generate hematopoietic progenitors with lineage biases, which prefer to produce one or two types of mature blood cells. Unipotent hematopoietic progenitors are important for the production of mature blood cells for clinical use. Through single-cell analysis of defined mature blood cells derived from hPSCs with a random integration of exogenous genes, we may reveal the relationships between specific exogenous genes integration and lineage biases of hematopoietic progenitors.
In conclusion, single-cell gene expression analysis revealed the dynamic gene expression of individual CD34 + cells from different stages of differentiation in hPSCs/OP9 coculture system. Results provided guidance for optimization of hematopoietic differentiation. Highthroughput single-cell analysis, including single-cell qPCR and single-cell RNA-sequencing, can provide better gene expression profiles of OP9 and hPSCs for optimization of hematopoietic differentiation in hPSCs/ OP9 coculture system.
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